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Abstract 
Since its inception in 1996, the CO2 injection operation at Sleipner has been monitored by 3D time-lapse seismic surveys. Striking images of 
the CO2 plume have been obtained, showing a multi-tier feature of high reflectivity, interpreted as arising from a number of thin layers of CO2 
trapped beneath thin, intra-reservoir mudstones. The topmost layer of the CO2 plume can be characterized most accurately, and its rate of 
growth quantified. From this the CO2 flux arriving at the reservoir top can be estimated. This is mostly controlled by pathway flow through the 
intra-reservoir mudstones.  Flow has increased steadily with time suggesting that pathway transmissivities are increasing with time, and/or the 
pathways are becoming more numerous. Detailed 3D history-matching of the topmost layer cannot easily reproduce the observed rate of lateral 
spreading. Very high reservoir permeabilities seem likely, possibly with a degree of anisotropy. Other modelling variables under investigation 
include topseal topography, the number of feeder pathways and CO2 properties. Detailed studies such as this will provide important constraints 
on longer-term predictive models of plume evolution.  
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1. Introduction 
CO2 injection commenced at Sleipner in 1996, CO2 separated from natural gas being injected into the Utsira Sand, a major 
saline aquifer of late Cenozoic age [1]. The injection point is at a depth of about 1012 m bsl, some 200 m below the reservoir top, 
with over ten million tonnes (Mt) of CO2 currently stored. A comprehensive seismic monitoring programme has been carried out, 
with time-lapse 3D surveys in 1994, 1999, 2001, 2002, 2004 and 2006, the latter augmented by high resolution 2D seismic and 
seabed imaging surveys. This paper describes analysis of the 2006 time-lapse processed dataset, comprising the 1994 (baseline), 
2001 (4.26 Mt CO2 injected), 2004 (6.84 Mt CO2 injected) and 2006 (8.4 Mt CO2 injected) 3D surveys. 
 
The seismic data clearly image the progressive development of the CO2 plume, around 200 m in height and elliptical in plan 
view (Figure 1). By 2006 the NNE-trending long axis of the plume spanned 3.6 km with a short axis of around 1 km. The plume 
forms a prominent multi-tier feature comprising a number of bright sub-horizontal reflections, interpreted as arising from discrete 
layers of CO2, each up to a few metres thick, and mostly accumulating beneath thin intra-reservoir mudstones (Figure 2). The 
CO2 layers formed early in plume evolution (by 1999) and have remained identifiable ever since. The upper layers continue to 
spread laterally and generally increase in brightness, whereas the lower layers have stabilised in size and are growing 
progressively dimmer (Figure 1). Within the reservoir overburden, there is no evidence of systematic changes in seismic 
signature, indicating that CO2 is being contained within the storage reservoir.  
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Figure 1   Seismic images of the Sleipner plume showing its development to 2006. a) N-S seismic section through the plume. Topmost CO2 layer arrowed. b) 
plan views of the plume showing total integrated reflection amplitude.  
 
Quantitative analysis [2,3] has shown that while the seismic images are consistent with the known injected amounts of CO2, 
they do not provide a unique verification of complete reservoir behaviour. Significant uncertainties remain, perhaps regarding 
temperatures in the plume, and the fine-scale distribution of dispersed CO2 in between the reflective layers. Similarly, although 
reservoir flow simulations [4] have reproduced the current development of the CO2 plume as a multi-tier layered structure, 
because the structural geometry of the sealing intra-reservoir mudstones is not precisely known, simulated layer thicknesses are 
not tightly constrained and have not yet been robustly matched to thicknesses obtained directly from the seismic data.  
 
 
 
 
Figure 2   Geophysical well logs through the Utsira Sand showing gamma-ray (gr) peaks corresponding to intra-reservoir mudstones. Note thicker (> 5m) 
mudstone near reservoir top. 
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The objective of this paper is to look at key aspects of the seismic data that constrain models of CO2 migration through the 
reservoir, and to assess whether flow processes in the reservoir are understood to the extent that predictions and simulations of 
future, longer-term, plume behaviour are likely to be robust. 
 
2. Quantifying the topmost CO2 layer 
The topmost CO2 layer in the plume is of special interest for two main reasons. First, of all the layers in the plume, its 
thickness and volume can be quantified most accurately. Second, its growth essentially measures the total upward flux of CO2 
through the reservoir and how this changes over time. Seismic reflection amplitude difference maps (Figures 3a to 3c) show how 
the topmost layer has developed through time. CO2 first reached the reservoir top in 1999, just prior to the first repeat seismic 
survey [5], growing to an accumulation of considerable lateral extent by 2001 and continuing to expand thereafter. A north-
trending linear prolongation is prominent, corresponding to CO2 migrating northwards along a linear topographic ridge at the 
reservoir top (Figure 3d). 
 
 
Figure 3  Growth of the topmost CO2 layer mapped through difference amplitudes a) 2001 minus 1994  b) 2004 minus 1994  c) 2006 minus 1994 . d) 3D 
perspective view (looking north) of the top Utsira Sand surface (mapped on the baseline 1994 dataset) showing the CO2 - water contacts in 2001 (red), 2004 
(purple and 2006 (blue). 
 
2.1. Layer thicknesses from reflection amplitude – thickness relationship 
Earlier work [2,3,6] has shown that layer reflectivity, at least in part, follows a thin-layer tuning relationship, with reflection 
amplitudes directly related to layer thicknesses. An amplitude – thickness relationship for the data was derived by scaling the 
tuning amplitude response from a thin-layer synthetic model to the maximum seismic amplitudes observed in the plume. This 
was used to transform observed amplitudes to layer thickness (Figure 4).  
 
Having obtained layer thicknesses, CO2 saturations within the layer (Figure 4) were determined by balancing buoyancy forces 
due to the fluid column in the layer against a laboratory determined capillary pressure – saturation curve for the Utsira Sand [3]. 
 
2.2. Layer thicknesses from structural analysis 
An alternative, wholly independent way of obtaining layer thicknesses is by topographic analysis of the reservoir top. In map 
view (Figure 3d), the outer limit of CO2 reflectivity at this level corresponds to the CO2 - water contact (CWC). The 3D form of 
the fluid contact at the base of the topmost layer was constructed by fitting a smooth subhorizontal surface through the elevations 
of the CWC (note this surface is not truly horizontal because it is constructed in two-way time, not depth and also because of 
significant fluid dynamic effects – see below). The two-way time thickness of the topmost layer was then calculated by 
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subtracting the elevations of the reservoir top from the corresponding elevations of the CWC. These were then converted to true 
(depth) thicknesses (Figure 5) by assuming an appropriate velocity model for the overburden, based on well log data. Finally, as 
above, layer saturations were calculated. 
 
 
 
 
 
Figure 4  Topmost CO2 layer properties a) thicknesses derived from reflection amplitudes b) average saturations determined from capillary pressure data. Black 
dot denotes location of injection point (beneath plume). 
 
 
Evaluation of the thickness maps produced by the two methods show that the structurally-derived layer thicknesses show a 
clear correlation with layer reflectivity (Figure 3), supporting the general assumption of thin layer tuning. However it is also clear 
that the structurally-derived thicknesses are in places significantly larger than the reflectivity-derived thicknesses. The main 
reason for this is probably the non-linearity of the amplitude-thickness relationship, application of which will generally tend to 
underestimate layer thicknesses around and above the tuning thickness. Other uncertainties in the reflectivity-derived thicknesses 
include estimation of the maximum tuning amplitude and the layer velocity. The structurally-derived thicknesses are therefore 
considered to be generally the more reliable. On the other hand, it is clear that layer reflectivity extends into localized areas 
where the structurally-derived layer does not, for example south of the injection point (Figures 4 and 5). This is because the 
structural analysis does not allow CO2 to be present wherever the constructed CWC is shallower than the topseal. In reality the 
CO2 layer is a dynamic entity with significant horizontal flow and perhaps supplied from below by a number of feeders, some of 
which may lie beneath topographic depressions in the topseal. These processes will lead to general layer thickening and allow 
locally ‘overdeepened’ areas of caprock topography to be underlain by CO2. 
 
The volume of CO2 within the topmost layer was computed from the thicknesses determined by the two methods, using 
calculated average saturations and an assumed mean sand porosity of 0.38 (Table 1). As discussed above, volumes derived from 
the structural analysis are rather higher than those derived from the reflectivity, and, overall, are considered to be more reliable. 
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Figure 5  Topmost CO2 layer thicknesses derived from structural analysis. Black dot denotes location of injection point. 
 
 
From the topmost layer volumes, the rate at which CO2 has arrived at the top of the reservoir can be estimated, bearing in 
mind that CO2 first arrived at the reservoir top in 1999, just prior to the first seismic repeat survey [5]. Taking the structurally-
derived volumes, an estimated 1.07 x 105 m3 of CO2 had arrived at the reservoir top between 1999 and the time of the 2001 
survey, an average flux of ~135 m3 per day. Between the 2001 and 2004 surveys ~3.22 x 105 m3 of CO2 arrived at the reservoir 
top, an average flux of ~ 316 m3 day-1. Between the 2004 and 2006 surveys a further ~3.76 x 105 m3 of CO2 arrived at the 
reservoir top, averaging ~540 m3 day-1. This marked increase in flux arriving at the reservoir top occurred despite a relatively 
uniform rate of CO2 input at the injection point. 
  
 
Table 1  Volumes of CO2 in topmost layer computed from the two different methods. 
 
 
 
3. Numerical Flow simulations 
3.1. Whole plume flux 
A simple TOUGH2 [7] reservoir flow model was set up to simulate plume growth. Reservoir geometry (see [5] for details) was 
axisymmetric and assumed horizontal intra-reservoir mudstones, a deliberately minimal assumption justified by the lack of 
detailed information on internal reservoir structure. Sand properties were based on laboratory measurements. Mudstones were 
assumed to be uniformly semi-permeable with relative permeability to CO2 increasing with CO2 saturation.  Mudstone flow 
properties (permeability and capillary entry pressure) were adjusted to match the observed arrival of CO2 at the top of the 
reservoir in 1999, just prior to the first repeat survey [5]. The flow simulation (Figure 6) predicts a progressive increase of flux 
into the topmost layer from 1999 onwards. This is due largely to increased relative (and hence effective) permeabilities within 
the central part of the plume as the intra-reservoir mudstones become progressively more saturated with CO2. 
 
 
date
volume from 
amplitudes 
(m3)
volume from 
structural 
analysis (m3)
1999 0 0
2001 66684 107380
2004 320219 429341
2006 615876 805409
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Figure 6  Growth of the topmost CO2 layer. Solid lines show TOUGH2 flow simulation with semi-permeable intra-reservoir mudstones of variable capillary entry 
pressure. Circles denote observed CO2 volumes derived from seismic analysis.  
Observed fluxes derived from the seismic data are in accordance with the flow simulation, showing a steadily rising flux of CO2 
into the topmost layer. The simulation, however, assumes Darcy flow through semi-permeable (9 x 10-14 m2) intra-reservoir 
mudstones with relatively low capillary entry pressure. This is not consistent with laboratory testing of the Sleipner caprock [8] 
which indicates that, in intact form, the mudstones are likely to form very low permeability (4 x 10-19 m2) capillary seals. It seems 
likely therefore that CO2 migration through these mudstones is actually via some form of evolving pathway flow, the pathways 
becoming more effective, or more numerous (see below), with time. This is also consistent with measured pressure distributions 
in laboratory samples during long-term flow testing, which suggest pathway rather than Darcy flow [8]. 
3.2. Topmost layer spreading  
The growth of the topmost layer between 1999 and 2006 is quite striking (Figure 3), and has involved rapid lateral spreading 
of free CO2 beneath the reservoir topseal, strongly controlled by top reservoir topography. This is particularly evident along the 
N-trending linear ridge along which the CO2 front advanced at about one metre per day between 2001 and 2004. In order to 
examine this more closely, a 3D flow model was set up. The top reservoir surface was mapped from the baseline (1994) seismic 
dataset and depth-converted using a layer-cake, laterally uniform velocity model (available wells constrain regional velocities but 
are not sufficiently closely-spaced to constrain local velocity variation). The nature of the CO2 supply to the topmost layer 
depends on the transport properties of the relatively thick (>5m) mudstone immediately beneath (Figure 2). As discussed above, 
pathway flow is considered most likely, but the number of individual pathways is uncertain. In 1999, initial development of the 
topmost layer was as two seemingly distinct small accumulations [5]. For simplicity, the flow modelling assumed a single feeder 
located between these, with CO2 flux matched to the structurally-derived volumes (Table 1). 
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Figure 7  Modelling topmost layer spreading. Observed/calculated in 2006 (a); TOUGH2 simulations for 2006 assuming reservoir permeabilities of  3 Darcy (b),  
6 Darcy (c) and 3/10 Darcy (d). 
 
Measurements of permeability in the Utsira Sand vary from laboratory determinations of 2 – 3 Darcy, to more regional 
estimates of up to 8 Darcy from large-scale water production [SACS project datasets]. Flow simulations assuming reservoir 
permeabilities of 3 and 6 Darcy (Figures 7b, c) produce much less lateral spreading than observed. The simulations show 
stronger radial symmetry with more E-W spreading than observed, and without the observed pronounced N-S spreading bias. In 
order to address this, permeability anisotropy was introduced: 10 Darcy N-S and 3 Darcy E-W, an assumption qualitatively 
consistent with the generally N-trending depositional architecture of the Utsira Sand [9].  The fit is improved somewhat (Figure 
7d), with some constraint on E-W spreading, but it is clearly difficult to match the observed spreading of the topmost layer by 
adjusting permeability alone. This is particularly so regarding the southerly and northerly extents of the layer. The former 
requires southward migration beneath an ‘overdeepened’ area of topseal and the latter requires rapid migration along a virtually 
horizontal ridge crest. Top reservoir depths were calculated using a laterally uniform overburden velocity model. In order to 
investigate the possible effects of lateral velocity changes, localized flexures were introduced to the top reservoir surface, to test 
the effect on layer spreading. Tests so far have not been successful as the perturbations tend to modify the short-wavelength 
topographic integrity and introduce wholly new migration directions. Another explanation of the simulation mismatch may be 
the assumption of a single CO2 feeder - additional feeders would certainly improve the lateral spread. Supply to such feeders 
would come from the CO2 layer trapped beneath the 5-metre mudstone, such feeders were not initially present in 1999, but could 
have developed with time. Simulations with additional feeders will be evaluated in future work. Finally, CO2 properties may be 
relevant. The assumed temperature at the reservoir top is 29 ºC, in line with local measurements in the Utsira Sand. However if 
CO2 temperatures were just a few degrees higher than this, then the density and viscosity of the CO2 would be much reduced. 
The consequent greater buoyancy-drive and fluid mobility would produce more rapid lateral migration, and perhaps, a closer 
match to the observations. 
 
4. Conclusions 
Careful analysis of the topmost CO2 layer in the Sleipner plume can closely constrain total upward CO2 flux through the 
reservoir. This is controlled largely by the transport properties of the low permeability intra-reservoir mudstones. Laboratory 
measurements suggest that these should act as capillary seals, so it is inferred that flow is via pathway rather than Darcy flow 
processes. Calculated CO2 fluxes to the topmost layer have steadily increased with time, suggesting that the feeder pathways are 
either becoming more transmissive with time and/or increasing in number. Detailed 3D history-matching of the topmost layer is 
challenging. In general, simulations show less pronounced lateral spreading than is observed, particularly in the N-S direction. 
Modelling variables include reservoir permeability and anisotropy, CO2 properties, topseal topography and the number and 
distribution of feeders from below. These are currently being investigated further. 
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